A polymerase chain reaction amplification of 23s rDNA was developed to identify Bacillus spp. recovered from roots, mycorrhizae, and rhizosphere soil of conifers. The polymerase chain reaction incorporated a conserved 23s rDNA forward primer in combination with a reverse primer designed to hybridize exclusively to nucleotide sequences of either B. polymyxu or B. mycoides. The amplification provided a rapid and simple means of identifying DNA from isolates of Bacillus, and could be used directly on whole Bacillus cells or mixed populations. The reaction was used to detect and differentiate these Gram-positive species from agar plates inoculated with samples from various conifer samples. A strain-specific primer was also synthesized and used to identify Bacillus which were established within conifer roots 4 weeks after inoculation.
Introduction
The presence of plant growth promoting rhizobacteria (PGPR) in natural and managed ecosystems has long been established [ 1, 2] . More recently, the use of PGPR inoculants as biofertilizers for promoting plant growth has intensified the search for superior PGPR strains and the causative mechanisms underlying their positive interactions with host plants [3, 4] . Our laboratory has identified several strains of plant-growth promoting Bacillus capable of stimulating growth or seedling emergence in a variety of plant species, including conifers [S-7] . The mechanism of growth promotion has not yet been elucidated, and is confounded by variability in bioassays. Contributions to this variability include observations that different isolates may not exhibit a common mechanism, and that various plant cultivars may be responding differently to the PGPR [6, 7] . Precise identification of strains is necessary before observed growth promotion can be correlated with common mechanisms between isolates. However, traditional assignment of bacterial isolates into identity groups via physiological traits can be misleading due to differential expression patterns according to cell growth stage or growth media [8, 9] . Development of species-and strain-specific molecular markers would overcome such barriers and greatly contribute to our under-standing of PGPR involvement in the rhizosphere, f Spontaneous rifamycin-resistant (100 mg ml-' ) derivative of PW-2. ' Interior of (surface-sterilized) mycorrhizal Douglas fir (Pseudotsuga menzeisii) root.
Microbial culture and DNA extraction
The Bacillus cultures were isolated from root or soil samples by dilution plating on autoclaved tryptic soy broth (plus 15 g 1-l agar) medium. Single colonies were restreaked at least twice to purify each isolate from any closely associated microorganisms. Chromosomal material was prepared by a scaleddown modification of the DNA extraction procedure [ 141, permitting extraction from a total of 1.5 ml culture in a microcentrifuge tube. Final DNA concentrations were measured spectrophotometrically using a Genequant (Pharmacia, LKB). ing or boiling pretreatments by resuspending approx. 1 O3 cells in the reaction mixture. Fresh cultures (l-3 days) were best, although positive amplification could also be obtained routinely from 2-year-old culture slants.
PCR amplification of 23s rDNA

Preparation of whole cells for PCR
Cells grown on tryptic soy agar or broth media were used directly in the PCR reaction without washThe primers used in the PCR included a 1Pbase forward primer BAC 11: S-AGAGTGCGTAATAGC-TCAC-3', and a 24-base reverse primer BAC19: 5'-C-GGTCTAGAACTTACCGACAAGG-3' comprising a moderately conserved eubacterial23S rDNA primer set corresponding to E. coli positions 1086 -l 104 and 1941-1964, respectively 
/noculation and recor:ely of Bacillus strains ,from pine roots
Lodgepole pine (Pinus contorta var. latifolia (Dougl.) Engelm.) seedlings were grown under gnotobiotic conditions in individual glass tubes containing 1.5% agar slants containing conifer nutrient solution [ 181. Before sowing, stratified pine seeds were surface sterilized by immersion in 2.5% NaClO for 2 min. as previously described [5] . After seeds had germinated, seedlings were inoculated with 1.5 X 10h cfu B. polymyxa PW-2R (a spontaneous rifamycinresistant mutant of PW-2 [5]) suspended in 150 ~1 sterile phosphate buffer directly to roots. Four weeks after inoculation, seedlings were removed from tubes, and their roots surface-sterilized by immersion in 70% ethanol for 30 s followed by soaking in 2% NaClO for 1 min and three 30-s rinses in sterile distilled water. The effectiveness of this sterilization procedure was verified by imprinting sterilized roots on fresh TSA plates. Subsequently, roots were aseptically triturated in 10 mM phosphate buffer, and serial dilutions of the resulting homogenate were plated on TSA containing 100 mg l-' rifamycin.
Results
Use of the conserved primer set BACI 1 /BACON successfully amplified DNA containing hypervariable regions of the 23s rRNA. A PCR amplification product of approximately 880 bp in length corresponding to the region between positions 1086-1964 (E. coli numbering) was consistently generated from Amplification of 23s rDNA from whole Bacillus cells was conducted as described in Materials and methods using a conserved forward primer BACI 1 in combination with both the speciesspecific primer POL and conserved reverse primer BACl9 in a single reaction. the DNA of the soil Bacillus, Rhizobium, and Azospirillum strains as visualized by agarose gel electrophoresis. DNA sequences determined from the amplified products were aligned by maximum likelihood analysis using the Ribosomal Database Project [15] . These comparisons clearly delineated the phylogeny of organisms from which the DNA was amplified. Based on the sequence variability, both species-specific (e.g. for either B. mycoides or B. polymyxa) and strain-specific (e.g. for B. polymyxa PW-2) oligonucleotides were synthesized. PCR products of the predicted 790 bp (B. mycoides) or 660 bp (B. polymyxu) were generated from whole bacterial cells, using the species-specific primers in combination with BACI 1 only in those samples containing the Bacillus species to which the probes were designed (Fig. 1) . Similarly, an oligonucleotide designed to a single B. polymyxa strain originally isolated from internal conifer root tissues (PW-2) allowed selective amplification of this strain among other B. polymyxu members (Fig. 2) . Amplification products corresponding to the 'universal' and 'specific' PCR bands were also obtained in PCR tests containing all four reverse primers in combination with BACI 1 (data not shown).
Having demonstrated the strain-specificity of primer PW~, we used it to assess the bacterial colonization lodgepole pine seedlings after inoculation with a rifR mutant of strain PW-2 (designated PW-2R). After surface sterilization, rifR bacteria were only recovered from internal root tissues of inoculated plants. These bacteria produced a positive Gram-stain reaction. BIOLOG'" patterns further indicated these bacteria were strain PW-2R [5] . Finally, positive PCR amplification of these isolates was achieved using the strain-specific primer PW~, indicating the recovered strain was indeed the inoculated bacterial endophyte. This result was further confirmed by the identity of nucleotide sequences determined from PCR products of both recovered and inoculum PW-2R strains. Fig. 2 . Strain-specific amplification utilizing the PCR. Amplification of 23s rDNA from whole B. poly?qxa cells was conducted as described in Materials and methods using the conserved forward primer sac1 1 in combination with the strain PW-2.specific primer and using an annealing temperature of 54°C.
mo-
Discussion
Although both 16s rRNA and 23s rRNA produce nearly identical phylogenetic trees [ 15, 19, 20] , the increased size, number of helices and loops, and large insertions and deletions contribute to the enhanced potential for designing specific probes based on 23s rDNA sequences [ 16, 19, 20] . In this study, amplification of the 23s rDNA gene by PCR was used in the identification and detection of a variety of conifer root-, mycorrhizae-, and rhizosphere-associated bacilli. Since these isolates included B. amy-the differentiation of individual species or strains among these isolates was a challenging task.
Previously, Domain IV was shown to contain regions of variable sequence among bacterial genera [20] . Although probes have been developed for Gram-negative bacteria based on other sequences ] lo,1 1,191, we have demonstrated that the 23s rDNA regions corresponding to helix 63 and helix 65 within Domain IV could be utilized for inter-specific taxonomy of Bacillus. Based on this research, we designed species-specific PCR primers which could be used to selectively amplify Bacillus isolates (e.g. corresponding to either the B. mycoides (MYC) or B. polymyxu (POL) species) (Fig. 1) . The protocol and primers developed in the current study were shown to be sensitive and specific in that they correctly identified DNA only from those Bacillus isolates shown to be members of the phylogenetic groups. Furthermore, the results were consistent regardless of the bacterial isolation origin. This result confirms that these Gram-positive bacteria form coherent genetic groups, with common 23s rDNA signature sequences corresponding to primers MYC and POL. In addition to positive reactions using purified DNA, the PCR was capable of amplifying DNA using as few as 1000 whole cells of Bacillus (data not shown). PCR band patterns produced from whole cells of Gram-negative bacteria have been shown to be identical to those from nucleic acid extracts, thus removing the necessity for prolonged DNA extraction techniques or cell washing pretreatments [ 11,211, and our work with Gram-positive organisms supports these findings. Cells and spores from agar-grown colonies up to 2 years old were readily used, although the presence of copious amounts of exopolysaccharides occasionally caused difficulty in deducing the cell numbers added to the reaction. Previous investigations identified several B. polymyxa strains which could promote plant growth, although their modes of action are not yet established [5-71. As these organisms compose only a minor fraction of the total bacterial flora present in the conifer rhizosphere, analysis of their colonization ability and persistence in soil post-inoculation would be of great benefit to understanding their mechanisms of action and assessing variability of greenhouse and field studies. Using the strain-specific primer PW~, we confirmed the ability of strain PW-2 to penetrate and re-establish itself within the roots of Lodgepole pine by PCR amplification of a rifamycin-resistant Bacillus which had been recovered from internal root tissues 4 weeks post inoculation. Our construction of a strain-specific probe thus provides the potential to circumvent problems associated with tracking and recovery of released laboratory strains. These results demonstrate the utility of 23s rDNA helices 63 and 65 for assaying the survival of soil inocula and for assessing ecological biodiversity of various sites. In addition to aiding synthesis of specific oligonucleotides, the observed 23s rDNA sequence variation likely corresponds to altered structures on ribosomal RNAs and may provide clues to topology and functioning of ribosomes.
